Bacterial counts under liquid cultivation using 96-well microplates were performed. The counts under liquid and under solid cultivation were equivalent in foods, although the counts under liquid cultivation exceeded those under solid cultivation in seawater, suggesting that some bacteria in seawater were viable but did not form detectable colonies. Phylogenetic analysis of bacteria obtained under liquid cultivation was also performed.
Investigating microbial community structure and function in natural environments and foods is of great importance not only for better understanding of natural ecosystems but also for protection against potential pathogens. The viable count method, usually using agar plates, has been used for detection and enumeration of active and dormant microorganisms in natural environments and foods. By this method, however, only a small fraction of the microorganisms present can be cultured and detected. 1) There have been numerous explanations of ''the great plate count anomaly. '' 2) Eutrophic bacteria of small populations in natural environments can form detectable colonies on solid media with high concentrations of organic matter. In contrast, members of the oligotrophic bacteria, which are considered to dominate in natural environments, 3) have been suggested to be nonadaptive to high concentrations of organic matter, resulting in failure to form detectable colonies on solid media. Moreover, certain eutrophic and oligotrophic species enter the viable but nonculturable (VNC) 4) state and lose colony-forming ability under environmental stress.
Recently, culture-independent molecular assays, mainly based on rRNA, have been used in studies of microbial ecology in natural environments 1) and in foods. 5) Culture-independent assays alone cannot reveal the metabolic functions of molecularly detected microorganisms. Therefore, improvement of culturability is needed to achieve better understanding of bacterial communities in natural environments and foods. In several natural environments, enumeration of microorganisms based on liquid dilution culture sometime exceeds the count using agar medium. The most probable number (MPN) method, serial liquid dilution culture, and derived methods have hence been developed and successfully applied to improve the culturability of oligotrophic species. 3, 6) High-throughput methods of liquid dilution cultivation using microplates have been developed and applied in the analysis and isolation of previously uncultured marine oligotrophic species, 7, 8) but there has been no report on comparative analysis of viable counts of eutrophic microorganisms in liquid and solid cultivation using the same rich medium, and no report on the culturability of microorganisms in foods.
Seafoods are soaked in seawater where they are harvested. It is possible that a significant portion of marine bacterial species, which do not form colonies, attach to these foods. In this study, we carried out comparative analysis of bacterial cell counts in foods including, seafoods as well as seawater, both under dilution liquid cultivation using microplates and by colony counts using agar plates. We also applied phylogenetic analysis based on 16S rRNA genes to near extinction dilution culture, from which no colonies were detected on agar plates, to classify the predominant bacteria.
The foods tested were purchased from a local supermarket (Niigata, Japan). Ten g of each food was added y To whom correspondence should be addressed. Tel/Fax: +81-250-25-5145; E-mail: shige@nupals.ac.jp Biosci. Biotechnol. Biochem., 71 (12), [3093] [3094] [3095] [3096] [3097] 2007 Note to 90 ml of saline in a stomacher bag and blended homogeneously in a stomacher (Bag Mixer 400; Interscience, St. Nom, France). The seawater tested in this study was collected on the Urahama coast of the Japan Sea (37 42.33 0 N, 138 47.12 0 E), Niigata. The food homogenate and the collected seawater was filtrated using a Nuclepore membrane of 1.0 mm pore size (Whatman, Brentford, UK) to remove non-bacterial solids. The resulting filtrate was used as the original sample.
Serial 10-fold dilutions of the filtrated sample were made in saline. Each dilution (0.2 ml) was transferred into 200 ml of 1/5-strength ZoBell 2216E medium prepared with synthetic seawater containing NaCl Bacterial counts would be a more direct enumeration than the MPN estimate. The serial dilutions of the filtrated samples were also inoculated onto a 1/5 ZoBell 2216E agar plate, which was supplemented with agar (Wako Pure Chemical Industries, Osaka, Japan) to a final concentration of 1.5%, and a Compactdry TC dry sheet medium culture plate (Nissui Pharmaceutical, Yuuki, Ibaraki, Japan), 9) which consisted of peptone 5.0 g l À1 , yeast extract 2.5 g l À1 and glucose 1.0 g l À1 with 2,3,5-triphenyltetrazolium chloride and a watersoluble gelling agent. The inoculated agar plates and Compactdry TC were also incubated at 20 C for 3 d. The number of viable bacteria was counted as colony forming unit (CFU).
These three cultivation methods were applied to a total of 25 foods, including seafoods, salt-processed foods, and raw vegetables ( Significant populations of bacteria in these samples possibly show higher osmolality, as reported in marine bacteria, and grew in 1/5 ZoBell 2216E medium. These results indicate the limitation of detection of viable bacteria by the conventional method in salt-processed foods and seafoods. The bacterial counts under liquid and solid cultivation in 1/5 ZoBell 2216E medium showed no significant differences for most salt-processed and seafoods, with two exceptions: the bacterial counts under liquid cultivation for sporophyll of wakame seaweed (sample A) and kelp were approximately 10-fold and 16-fold higher respectively than CFUs under solid cultivation.
The culturability of microorganisms in seawater is reportedly extremely low: only 0.01 to 0.1% of total cells form detectable colonies on agar plates. 1) Seawater possibly contains a large population of bacteria, which grow under liquid cultivation but do not form detectable colonies under solid cultivation. Three samples of seawater were collected and subjected to the three cultivation assays. The CFUs under solid cultivation in 1/5 ZoBell 2216E medium were approximately 100-fold higher than those in Compactdry TC (Table 2) . These results are coincident with those obtained in saltprocessed foods and seafoods. Significant populations of bacteria, which grow under solid cultivation in 1/5 ZoBell 2216E medium but not in Compactdry TC, occur in seawater. For all three samples of seawater, the bacterial counts under liquid cultivation in 1/5 ZoBell 2216E medium were approximately 10-fold higher than the CFUs under solid cultivation. These results suggest the presence of bacteria, which grew under liquid cultivation but did not form visually detectable colonies under solid cultivation during 3 d. Liquid cultivation using microplate proved effective for improved detection and cultivation of bacteria in seawater.
For the seawater, collected on 21 December 2004, five positive wells were observed under liquid cultivation in 1/5 ZoBell 2216E medium from 96 ml (960 wells) of 10 5 -diluted sample. In contrast, no colony was detected under solid cultivation from 0.1 ml of 10 2 -diluted sample during 3 d of cultivation. To classify the bacteria grown under liquid cultivation, DNA was extracted from a liquid culture in a test tube inoculated with the culture broth of a positive well, according to a description in the literature 10) and nearly the full length of 16S rRNA gene fragments were amplified by PCR using primers 27F (5 0 -AGAGTTTGATCCTGGCTCAG-3 0 ) and 1544R (5 0 -AGAAAGGAGGTGATCCAGCC-3 0 ) with a GoTaq Green Master Mix (Promega, Madison, WI) according to the manufacturer's instructions at an annealing temperature of 50 C. Because the amplified fragments contained multiple sequences, they were cloned using E. coli according to a conventional protocol.
11) Five clones were sequenced and three different sequences were obtained. Phylogenetic classification of the sequences were performed using MEGA version 3. 1 12) ( Fig. 1) . All sequences were affiliated with the class Betaproteobacteria. One operational taxonomy unit (OTU) (U-1, three clones) was closely related to Delftia tsuruhatensis, with 99.9% sequence identity. One OTU (U-2, one clone) was closely related to Variovorax paradoxus, with 99.3% sequence identity. One OTU (U-3, one clone) was closely related to Alcaligenes aquatilis, with 98.9% sequence identity.
Although the numbers of positive wells and clones analyzed were too small to determine the bacterial community structure, these three phylotypes were isolated from the liquid culture of 1/5 ZoBell 2216E medium inoculated with the seawater at a dilution of 10 5 . Thus these genera would occupy significant populations in bacteria in the seawater that grow under liquid cultivation in 1/5 ZoBell 2216E medium.
A. aquatilis has been isolated from marine sediment, 13) although no strains belonging to Delftia or Variovorax have been isolated from marine environments. Recently, however, clonal sequences closely related to Delftia (AF142877) 14) and Variovorax (AB193940; T. Miyoshi and T. Naganuma, unpublished) were detected in marine environments. Hence bacteria belonging to these three genera might occur in seawater.
There has been no report demonstrating defects in colony-forming ability on solid media of the three genera Delftia, Variovorax, and Alcaligenes, including the closest species. 13, 15, 16) Hence based on the phylogenetic relationships, it is unlikely that the bacteria detected in this study are defective in colony-forming ability.
Our result that the bacterial counts under liquid cultivation exceeded the CFUs under solid cultivation suggests the existence of significant populations of bacteria that grow under liquid cultivation but do not form detectable colonies under solid cultivation in liquid culture inoculated with the seawater at 10 5 dilution. Some of the three phylotypes of bacteria detected might be defective in colony-forming ability, although isolation and analysis of growth properties of the bacteria under liquid and solid cultivation is still needed.
A typical response of known VNC bacteria is that the proportion of cells that do not form colonies on agar plate of total cells becomes larger during cultivation under environmental stresses, such as low temperature, low concentrations of organic matter, or high salt concentrations. 17) Most marine environments are under such stress conditions. In certain marine environments, significant populations of bacteria perhaps exist in growth-limited states so that they are difficult to be isolated by cultivation-dependent assay using agar plates. One explanation of the difference in the bacterial counts under liquid and solid cultivation in this study is that some bacteria, perhaps including the three phylotypes detected, grown in liquid culture inoculated with the seawater at 10 5 dilution entered the VNC state in the seawater.
Our results indicate that liquid cultivation can estimate the numbers of viable bacteria in foods and in seawater independently of probability theory. Since the liquid cultivation method using microplates has an advantage in handling as compared with the conventional MPN method using test tubes, the approach based on liquid cultivation using microplates should make for further understanding of unknown bacterial communities in natural environments and in foods.
